This study proposes reasonable models to evaluate chloride ion ingress in cementitious materials with dense micropore structures. Salt water immersion tests with mortar specimens, including low water-to-cement (W/C) ratio materials, were conducted. The results show that chloride ion ingress is so slow in specimens with low W/C ratios that existing models cannot follow experimental trends, and pores in the nanometer range may have significant effects on the total extent of chloride ion transport. Two phenomena related to chloride ion ingress in nanopores were considered and installed in the existing system: a threshold radius regarding the chloride ion movement, and a reacting friction force along the pores against the water movement pressure. Measured chloride ion distributions with salt water immersion tests were used to verify the proposed models. By conducting additional numerical simulations, the possible mechanisms of high resistivity against chloride ingress were studied.
Introduction
A framework to investigate the durability of corrosion initiation owing to chloride ion ingress was installed according to standard specifications (The international federation for Structural Concrete 2010; Japan Society of Civil Engineers 2007) and was adopted to determine the actual designs of concrete structures. The basic idea for predicting chloride ion ingress by using current standards is based mainly on Fick's diffusion law, but it has been suggested that a simple diffusion law may not be directly applicable to materials with low water-tocement (W/C) ratios or admixture-blended materials. A previous study reported that chloride ion distributions do not change with elapsed time in a bank protection structure that was created using fly ash (FA), as illustrated in Fig. 1 (Oshiro et al. 2002; Takahashi et al. 2010) . Such behavior cannot be explained by the simple diffusion law. For materials with dense micropore structures, which typically have a low W/C ratio or use supplementary cementing materials (SCMs), such as FA and blast furnace slag (BFS), a reasonable way to evaluate the performance of chloride ingress based on physical and chemical mechanisms is still in the development stage because ion transport in tiny pores is not fully understood yet.
A lot of effort has been devoted toward predicting chloride ion ingress in saturated and unsaturated concrete materials (e.g. Šavija et al. 2013 BaroghelBouny et al. 2011; Aguayo et al. 2014; Du et al. 2014) . One of the difficulties in modeling is determining a reasonable diffusion coefficient that can differ owing to many factors (i.e., saturation degree, cement types, and micropore structure). In addition, it is totally different from a self-diffusion coefficient. Some research studies have attempted to use an effective diffusion coefficient derived from an inverse analysis in experiments (e.g., Šavija et al. 2013) . In other cases, a reduction parameter was installed to consider physical and chemical effects on the diffusion in porous networks in concrete (e.g. Baroghel-Bouny et al. 2011; Du et al. 2014) . It can be said that some unknown phenomena remain when determining ion movement in pore structures in cementitious materials.
Meanwhile, authors have been developing a thermodynamic analytical system called DuCOM, which simulates the material behaviors of concrete from its hardening stage to its deterioration based on a multiscale approach (Maekawa et al. 1999 (Maekawa et al. , 2008 . For chloride ion transport, coupled water and chloride movement have been considered in micropore structure models. The simulated results of chloride ion ingress are verified by various experiments such as cyclic wetting-drying experiments ). In addition, the models are applied to lifetime simulations of real structures (Ishida et al. 2011) .
In this study, the high performance of cement hydrates with low W/C ratios are investigated by conducting experimental and analytical studies. Then, possible mechanisms to express the high resistivity against chloride ingress are proposed. This study also attempts to improve the applicability of the thermodynamic system.
In this paper, first, the existing models are summarized, and then the diffusion behavior during chloride ion ingress is studied experimentally and analytically. A salt water immersion test was conducted, and the effects of different W/C ratios, including low W/C ratios, were investigated. Then, based on previous studies and experimental results and because nanopores are dominant in dense-micropore-structure concrete, new models are established and installed in an existing thermodynamic analytical system. Both a chloride ion movement model and liquid water transport model are modified to achieve high resistivity to chloride ion ingress in dense cement hydrate matrices. Using the proposed analytical models, possible mechanisms for the stagnation of chloride ions are investigated using numerical studies.
Overview of existing models
An analytical study was carried out to discuss the mechanisms of high resistivity against chloride ion ingress. Figure 2 shows the overall calculation scheme for the thermodynamic analytical system (Maekawa et al. 1999 (Maekawa et al. , 2008 that is adopted in this study. The system comprises several submodels (such as hydration, micropore structure, pore pressure, chloride, carbonation, and oxygen) that work together and are interlinked. Among these installed models, a hydration model, micropore structure model, pore pressure model, and chloride transport-equilibrium model are used for calculating chloride transport. The hydration model calculates a heat generation process and considers a multicomponent hydration process of cement minerals and pozzolans. The micropore structure model calculates multiscale micropore structure development, while the pore pressure model calculates water transport and equilibriums based on the calculated pore structures. By the dynamic coupling of the pore structure model with the pore pressure and hydration models, the development of strength along with moisture and temperature can be traced with the increase in hydration. Then, moisture distribution, relative humidity (RH), and micropore structure characteristics, in turn, control the chloride ion transport phenomena.
In this section, equations and formulations that are strongly related to this study are reviewed.
Pore structure and water equilibriumtransport model
In a thermodynamic analytical system (Maekawa et al. 1999 (Maekawa et al. , 2008 , each capillary and gel porosity distribution is represented by a simple Raleigh-Ritz distribution function, as follows:
where V(r) is the fractional volume distribution of the pores of radius r (m), and B is the porosity distribution parameter (1/m), which represents the peak of porosity distribution on a logarithmic scale. If we assume a cylindrical pore shape in such a distribution, the pore radius r c (m), with which the equilibrated interface of liquid and vapor is created, can be calculated using the following equation:
where C is the coefficient for considering the effect of the adsorbed water layer (-), r s is the pore radius calculated from Kelvin's equation (m), γ is the surface tension of the liquid (N/m), M is the molecular mass of water (kg/mol), ρ is the density of liquid water (kg/m 3 ), R is the universal gas constant (J/mol･K), T is the abso- 
In the existing model, the volume of the entrapped water in ink-bottle-shaped pores is also considered, and the equivalent degree of saturation is expressed with S ink , which can be determined by an arbitrary temperature and the RH history. A detailed formulation was investigated in a previous study (Ishida et al. 2007 ). The adsorbed water content S ads is expressed as
where t m is the thickness of the adsorbed film of water (m), and A s is the surface area of pores (m 2 /m 3 ) larger than r c . The formulation for t m and A s are given as a function of humidity and pore size distributions in a previous study (Ishida et al. 2007) . Accordingly, the total degree of saturation S tot is given as the summation of S c , S ink , and S ads : tot c ink ads
Hence, the total water content in unit cement paste volume W (m 3 /m 3 ) is expressed by the following equation, which uses the saturation degree of capillary pores S tot_cp and gel pores S tot_gl :
where φ cp and φ gl are the total capillary porosity (m 3 /m 3 ) and gel porosity (m 3 /m 3 ) in the unit cement paste volume, respectively.
For water transport, both the liquid and the vapor state are considered. In the existing thermodynamic system, the flux of liquid water in pores q l (kg/m 2 ·s) can be expressed by Eq. (7) by integrating the water flux in the pores with a radius smaller than r c at porosity distribution V(r):
where φ is the summation of capillary and gel porosity (= φ cp + φ gl ), η is the viscosity of the fluid (Pa·s), K l is the liquid water permeability coefficient (kg/Pa·m·s), and P is the pore pressure (Pa). An unsaturated state of porous media is considered in the model by using an integration process with the help of Eq. (7). The flux of water vapor q v (kg/m 2 ·s) is formulated as 
2.2 Chloride transport and equilibrium model Based on the existing water volume calculated by Eq. (6), the mass balance for the chloride ions can be expressed as
where C ion is the molar concentration of a chloride ion in the liquid phase (mol/m 3 ), J ion is the flux of the chloride ions (mol/m 2 ·s), and Q cl is the sink term. The bound chloride is formulated in Q cl with a Langmuir-type equation, and chloro-aluminate and adsorbed phases on the pore wall are considered based on experimental facts ). The total chloride ion flux in the cement matrix, J ion , which is the main focus of this study, can be expressed as follows:
where Ω is the tortuosity parameter (-), δ is the constric- In porous media, the diffusion coefficient is lower than that in the absence of a porous medium. Diffusion paths in concrete are constrained because the pore structure is tortuous compared with diffusion paths in free liquid. The reduction parameter by tortuosity Ω is expressed as a function of porosity based on a model by Nakarai et al. (2006) . 
Another parameter defined as constrictivity, δ, considers the effect of interaction between pore structures and ion transport and is formulated as ( ) 
where peak cp r is the peak radius of capillary pores (m), and C b is the concentration of bound chloride (% by mass of binder). δ 1 corresponds to the reduction in dimensional change, and δ 2 corresponds to the reduction in electrical interaction between the pore wall and ion particles (Ishida et al. 2007 ).
Experiments and verifications of existing models

Test methods and analytical conditions
Experimental studies were carried out to check the performance of high-quality materials. Compression tests, porosity measurement tests, and salt water immersion tests were conducted using mortar specimens. Specimens were made with the different W/Cs shown in Table 1. Ordinary Portland cement (OPC) was used for the cement. The SP/C column in Table 1 lists the amount of superplasticizer [% of mass cement] added to the mixing. Cylinder specimens having dimensions of φ50 × 100 mm were manufactured for compression tests. After 1 day of sealing, specimens were kept in water until their measurement days, which were at 3, 7, 28, and 91 days. 100 × 100 × 400-mm prism specimens were prepared for porosity measurements and salt water immersion tests.
After 1 day of sealing, specimens were sunk into water for 28 days. Then, specimens were dried at 20 ºC and 60% RH for 1 day. After 1 day of drying, five faces other than the exposed surface were coated with epoxy resin and put into 0.5-N sodium chloride solutions. In this test, the drying period was short so the effect of advection at the surface was small. The chloride ion distribution in each specimen was measured after 3 months, 1 year, and 2 years of immersion. In this study, attempts were made to measure chloride ion distributions at finer pitches. A disk grinder was used to make sample powders. Specimens were fixed and grinded at 1-3 mm intervals by vacuuming the powder (See Fig. 3) . Using this method, quick samplings at fine pitches were achieved. The chloride ion amounts in the collected powders were measured by potentiometric titration tests using AgNO 3 solutions.
After grinding the specimens for the chloride measurement after 1 year of immersion, 5-mm-size samples were picked from the middle of the specimen by using hammers. The samples were used for pore structure measurements by mercury intrusion porosimetry (MIP) tests. The samples were soaked in acetone for 24 h and dried under D-dry conditions for 24 h before measurements were made. For the MIP test, the step-by-step method proposed by Yoshida et al. (2008 Yoshida et al. ( , 2015 was used. This method can measure not only total pores but also continuative pores with a one-time measurement.
To simulate the abovementioned experiments, onedimensional analyses of strength developments, pore structure developments, and chloride ion ingress were carried out. The same sizes of specimens, mix proportions, curing conditions, and exposing conditions were set as input parameters and simulated with existing models. Figure 4 shows the compression strength measured by experiments and simulated curves as a result of hydration and pore structure development calculations. Clear differences can be seen in the experimental results depending on the difference in W/C ratio, and the models follow the experimental trends reasonably. When W/C ratio is 20%, the simulated results are larger than those of the experiment. This may be the result of an incomplete dispersion of powder particles in the experiment, although a complete dispersion of the materials is assumed in the models.
Results of experiments and simulations with existing models
Figures 5 (i) and (ii) show the cumulative curves for total porosity and continuative porosity measured with MIP tests, respectively. Figure 5 (iii) shows the pore size distribution for total porosity, which is calculated from Fig. 5 (i) . Using the step-by-step method proposed by Yoshida et al. (2008 Yoshida et al. ( , 2015 , pore structure changes by high-pressure intrusion during MIP testing can be detected. For the specimens in this study, signs of pore structure changes were observed under 5.4 nm for specimens having W/C ratios of 30% and 40%, and 7.1 nm for a specimen of W/C ratio of 50%. Accordingly, the measured results are plotted in Fig. 5 only for a range larger than these pore sizes.
Clear densification in the cement-rich materials was observed in the experimental results. The peak radius decreases with W/C ratio, and the total pore volume decreases significantly, from 50% to 30%. For the case of 20%, the total volume of the pores is relatively larger than other W/C cases, while the peak radius and continuative porosity are small. The volume ratio of discontinuous porosity to total porosity seems to be larger in the case of a W/C ratio of 20%. Because the continuative pores can be the main pass for ion transport, specimens with a lower W/C ratio can have higher resistivity against chloride ion transport considering the measurement results from the MIP test.
Figure 5 (iv) shows the simulated pore size distributions as a summation of capillary pores and gel pores in the models. For W/C ratio of 30 -50%, the simulated peak radius and total pore volume is smaller in smaller W/C ratio materials, which is consistent with the experimental trends. There is a gap between the experimental and analytical tendency in the case of a W/C ratio of 20%, but taking into account that the analyses of chloride ion ingress fit to the experimental results as shown in the following part of this study, the validity of simulated pore size distribution cannot be ignored. Actually, the qualitative comparison between MIP measurement results and simulated results are still difficult, because MIP measurement results cannot show the real pore size distributions (Shimomura and Maekawa 1997) . The inkbottle shaped pore can reduce the measured pore volume at certain radius and pre-dry process and mercury intrusion process can change pore structure itself as well. More experimental works and analyses are needed to ensure the validity of the model.
Here, it should be reminded also that the pore structure model (shown in Eq. (1)) adopted in the analytical scheme is simple enough to compute the dynamic porosity distributions and surface areas with time as discussed by Maekawa et al. (2008) . While it is known that the model can be applied to simulate various properties in cement hydrates, e.g. cyclic wet-dry moisture conditions, compression strength and basic gaseous transportation, the possible effect of simple shape of pore size distribution model should be kept in mind when the target phenomenon is strongly related to the pore size distributions. Figure 6 shows the measured chloride ion distributions after 3 months, 1 year, and 2 years of immersion. The simulated results with existing models are also plotted in the figure. Measurements at fine pitches were carried out by using a sample collection method with a disk grinder (shown in Fig. 3 ). This method can detect the depth of chloride in ingress precisely. The experimental results show that the depth of chloride ion ingress is drastically reduced with a decrement in W/C ratio. This trend coincides with the expectations from the MIP tests.
With Fig. 6 , we know the applicability of existing models for chloride transport. When W/C ratio is 40% and 50% (with which many verifications have been conducted in previous studies (Maekawa et al. 2008; Iqbal and Ishida 2009; Ishida et al. 2009 Ishida et al. , 2011 , existing models can accurately simulate the actual behaviors of chloride ingress. However, for lower W/C ratios, the simulated chloride ion ingress depths are generally greater than the experimental results.
The cause of the discrepancy between the measured and analyzed results can be examined using the calculated pore size distributions shown in Fig. 5 (iv) . At a higher W/Cs, two major peaks are observed in the pore size distribution. Generally, the larger peak represents the capillary pores, and the smaller peak represents the gel pores. Based on the plot shown in Fig. 5 (iv) , it can be concluded that both the volume and peak radius of capillary pores decrease with W/C; hence, the dominant pore sizes in the pore size distribution vary from several hundred nanometers to several nanometers. This might affect the behavior of chloride ions.
However, in current models, the effects of such a dominant size transition on chloride ion ingress and water movement are not well considered based on nanopores. For example, in Eq. 3 and Eq. 7, the lower limit of the integration range is zero, which means that chloride ions and liquid water can move through any tiny pores. Hence, size-dependent phenomena, especially those focusing on nanopores, should be considered more rationally. Diffusion coefficients D a are calculated based on Fick's diffusion law, and these values are plotted in Fig.  7 . The diffusion coefficients decrease with time for all cases. Time-dependent decreases in the diffusion coefficients are well known and have also been noted in the fib Model Code (The international federation for Structural Concrete 2010) as an aging factor, which implies that the hydration of concrete causes the decreases in the diffusion coefficients (The international federation for Structural Concrete 2006). However, the experimental results of this study show that aging alone does not cause the decrease, and that other factors are also responsible. Measurements of compression strengths show that the hydration of specimens should be completed in approximately 91 days; however, the diffusion coefficient still decreases after 1 year. It can be suggested that not only physical properties but also chemical properties of the pores are necessary to delay chloride ion ingress. Further study is needed to understand this behavior, including the pore structure, hydration degree of every component, and chemical properties of hydrates. Furthermore, it should be noted that, in this diffusiondominant condition with OPC specimens, the experimental results do not show a clear stagnation of chloride ion ingress, as shown in Fig. 1 .
With regard to the ion concentrations at the surface, a time-dependent increase in the surface chloride concentration is sometimes discussed and considered in macroscopic models to express experimental trends (e.g. Chalee et al. 2009; Petcherdechoo 2013 ). This approach is successful for some experimental or exposed conditions, but it is not specifically modeled in this study. It was shown by Iqbal and Ishida (2009) that, in wetting and drying conditions, a gradual increase in surface chloride can occur in experiments, and experimental trends can be simulated successfully by using the current models in this study. Using coupled moisture and chloride transport models, the time-dependent change in surface chloride can be explained.
In submerged conditions where the diffusion is dominant, such time dependency in a surface chloride concentration is not observable. In fine-pitch measurements of chloride profiles such as those using electron probe microanalysis (EPMA), it is clearly observed that there is little time dependency in surface chloride concentrations in submerged conditions (Jensen et al. 1990; Hosokawa et al. 2012) . Hence, there is no particular model in this study for time-dependent surface concentration changes, and the simulated results in Fig. 6 have no time dependency in surface concentration.
Enhanced model for chloride transport focusing on nanopores
Consideration of threshold value for chloride ion movement
Based on the discussion in the previous section, models related to nanometer-sized phenomena should be installed in the existing system. Goto et al. (1982) and Iwasa et al. (2010) suggested that, according to the electrical interaction between the ions and the pore walls, ions cannot penetrate through pores whose radii are smaller than a specific size. Yoshida et al. (2008) pointed out that mass transport trends in porous media can change with the boundary pore size, which is believed to be several dozens of nanometers.
Based on these ideas, we considered the threshold value for determining chloride ion movement in pore water, r thre (m), in this study. It was assumed that chloride ions cannot pass through pores that are smaller than r thre , even if the pores are saturated with water. It is believed that the water in extremely small pores is not active for chloride ion movement.
The threshold radius r thre was used in the chloride ion transport model to determine the modified water content available for chloride movement (Fig. 8) .
First, the water volume existing in pores whose radii are smaller than r thre [expressed as W thre 
where S thre is the equivalent degree of saturation for W thre . Moreover, the water volume existing in the inkbottle pores connected to those pores can be formulated as follows by referring to the study by Ishida and Iqbal (2009) :
where W ink is the water content in the ink-bottle-shaped pores connected to the pores for W thre . As a result, the total water content available for chloride ion movement, W chld , is expressed as follows:
Using this modified water content, W chld , which considers the threshold radius for chloride ion movement, the chloride ion transport model was modified as follows:
The tortuosity parameter Ω, shown in Eq. (12), was removed in Eq. (17). Parameter Ω had been installed as a reduction parameter for considering the tortuosity and connectivity of pores when the porosity was small. It was useful in determining the diffusion restraint of dense cement matrixes with smaller porosities (Nakarai et al. 2006) . In other words, the effect of nanometer pores on diffusion was considered indirectly with the parameter Ω. By replacing the parameter Ω with the concept of threshold radii for chloride ion movement, r thre , the effect of tiny pores can be considered in a direct way based on the physics of the micropore structure model. If we consider both Ω and r thre , the effects of tiny pores are determined redundantly; therefore, Ω was removed from Eq. (17).
The value of r thre should be determined based on physics, but now the data to identify the exact value of r thre is insufficient, so the practical value of r thre was determined by conducting sensitivity analyses with the experimental results. Here, an experimental result of C40 after a 1-year exposure is used as the reference case. A 1-year chloride ingress was simulated with r thre values ranging from 1 to 20 nm. Figure 9 shows the simulated chloride ion distributions under those r thre values. By increasing the values of r thre , the values of W thre and W inc shown in Fig. 8 and Eqs. (14) and (15) increase. This that leads to a decrease in W chld , which represents the paths available for chloride ion transport. By comparing the analytical results with the experiment in Fig. 9 , the value of 10 nm seems to be suitable in the range from 1 nm to 20 nm. Thus, 10 nm is adopted as the tentative value of r thre in this study, and is used uniformly in the following discussions.
Here, it is important to say that the values identified above are just practical values derived from sensitivity analyses. In the future, physical values of r thre should be modeled based on the physical and chemical phenomena. Kikuchi et al. (2009) studied the effect of the calcium-silica ratio (Ca/Si) of C-S-H gel on chloride diffusion and reported that Ca/Si has great influence on the diffusion reduction parameter. r thre can depends on the chemical properties of cement hydrates. Indeed, the value of r thre seems to be larger than the size suggested in the previous study (Goto et al.1982) . It may be because that the effect of tortuosity of pores are included in the model with r thre . Further study about r thre can separate the effect of connectivity and tortuosity of pores clearly. The connectivity of pores that comprise the pore network for W chld can be studied in detail. Now it is supposed that all pores for W chld are active and mutually interactive; however, this may actually be not fully true in unsaturated conditions. Further study may be needed to adopt the model to unsaturated conditions. Also, the effect of the shape of pore size distribution model can be studied as mentioned in section 3.2.
There are some possibilities for which the revised model in this study is not perfect for simulating trends in materials with low W/C ratios. However, the goal of this study is to propose an approach to the threshold radius in chloride ion movement based on micropore structure models, and to examine the effect of this approach via simulations. Moreover, simulations with more physical-based models without the reduction parameter Ω can be conducted and applied to diffusiondominant experiments. If this approach is successful to some extent, further studies can improve the applicable range of the models with regard to unsaturated conditions, SCM-used materials, and so on.
Consideration of the friction force between
the pore water and the pore wall Okazaki et al. (2006) showed that liquid water movements in high-quality concrete that has a dense micropore structure follow non-Darcian flows. It has been suggested that in non-Darcian behavior, liquid water penetration stops at a certain depth in dense materials owing to the balance between the frictional force and water pressure. The equilibrium between these two factors is expressed by Eq. (18) 
where τ yield is the constant for the friction at the pore surface (N/m 2 ), r lim is the limit of the pore radius for water transport (m), and P is the water pressure in pores (N/m 2 ). When τ yield is fixed, limit pore radius r lim , which is effective for water movement, can be calculated under a certain gradient of the pore pressure. Moreover, r lim was considered in the water permeability coefficient [K l in Eq. (7)] as the lower limit of integration, as shown in Fig. 10 and Eq. (19). Using Eq. (19), it can be considered that water in tiny pores whose radii are smaller than r lim does not move in spite of the pore water pressure. When liquid water permeates into unsaturated concrete materials, a water pressure gradient is created along the depth from the surface. Generally, the gradient becomes smaller as the depth increases. This causes an increase in r lim . At a certain depth, r lim becomes equal to r c , which means that the stagnation of water saturation can be achieved with the proposed model. In this study, the τ yield value for OPC was set as 4.0 (N/m 2 ) by referring to a study by Okazaki et al. (2006) . Values for other cement types or admixtures should be decided experimentally in the near future.
Thus, both the chloride ion transport and liquid water movement models are modified and integrated into existing analytical models to realize advanced simulations for chloride ion ingress in materials with low W/C ratios.
Simulations with enhanced models
Verifications of enhanced models
To verify the applicability of the enhanced models, the results of salt water immersion tests were simulated. Because there are no modifications to the hydration and pore structure development models, simulated strengths and pore size distribution are almost the same as the results from the original models, as shown in Figs. 4(ii) and Fig. 5 (iv) . Figure 11 shows the results of simulations with the enhanced models. The simulation results with original models are also plotted with gray color lines in Fig.11 . The results show that the enhanced models, which are more physical than the original models, have higher applicability. After a 3-month immersion, the simulated depth of chloride ingress matches well with the experimental value for all cases of W/C. The applicability of the models with lower W/C ratios is definitely improved if we consider the threshold radius for chloride ion movement, r thre . When the immersion period is increased to 1 and 2 years, the penetration depths of chloride are well simulated when range of the W/C ratio is between 30% and 50%, while overestimation occurs when the W/C ratio is 20%.
The gaps between the experiment and analysis in the C20 cases can occur owing to the effect mentioned in section 4.1. With this lower W/C, dominant pores for ion transport are so small that the effect of the pore wall can be large. It is believed that the chemical properties of pore walls (such as different Ca/Si) can be one of the reasons that cause a more significant decrease in the diffusion coefficient.
In the test, the effect of advection at the surface is small because of the short drying period before immersion. This means that the test is in a diffusion-dominant condition. In this case, the effect of r thre is more significant than the effect of r lim that was proposed in the previous section. The applicability of r thre was mainly verified in the simulations above. The applicability of r lim should be verified by conducting more experiments such as a wetting-drying experiment and a long-term experiment. In wetting-drying conditions, liquid water movement dominates the chloride ion movement. In a long-term experiment, RH reduction owing to selfdesiccation cannot be negligible at a low W/C. If r c , which is the pore radius at the equilibrated interface between the liquid and vapor, becomes smaller than r lim , both the liquid water movement and the coupled chloride ion ingress can be restricted. Continuous verifications should be carried out in future studies.
Effect of water state in hydrated materials on chloride ingress
Under salt water immersion conditions with OPC, a clear stagnation of chloride ion ingress is not observed. In this section, possible mechanisms are discussed for stagnating chloride ion ingress by conducting trial simulations by considering coupled water and chloride movement simulations. Long-term simulations are conducted for the original models and enhanced models by using the same mix proportions and curing conditions as for the C40 cases. In these trial simulations, a drying condition is applied after 10 years of material age to investigate the effect of partial saturation of the inner pore structures. It is assumed that the specimens are taken up after immersing them in salt water for 10 years and drying them under RH 60% conditions; the relative humidity of surface transfer elements keeps 60% and no chloride interaction between transfer elements and surface elements allowed. Figure 12 shows the simulated chloride ion profiles under such long-term drying conditions. From Fig. 12 , we can see a large difference in the chloride ion profiles after drying. In the original model, the chloride ion continues to penetrate the deeper parts of the concrete. As a result, the shape of the chloride profiles changes, and the peak value becomes small, after long-term aging. By contrast, in the proposed enhanced model, the concrete maintains its chloride profile shapes even after drying. By using r thre in the proposed model, the stagnation of chloride ion movement can be expressed under low-RH conditions. In this situation, r thre is smaller than r c , and the connectivity of the path for chloride ion transport is interrupted. Thus, stagnation of chloride ion ingress can be simulated under drying conditions.
The bank protection structure surveyed in a previous study (Oshiro et al. 2002; Takahashi et al. 2010) , whose chloride ion distributions are shown in Fig. 1 , is made of fly ash and faces tidal or splash conditions. The material and environmental conditions for this structure are different from the analytical conditions considered for Fig. 12 . However, if a drying condition as in Fig. 12 is achieved, the stagnation of chloride ions can be observed. Moreover, to keep the continuous drying conditions in the inner parts of the concrete, r lim can play an important role in restricting water movement into deeper parts of the concrete. To simulate the specific phenomena in the bank protection structure, we need to further investigate the effects of fly ash or airborne chloride, although the existence of r thre and r lim has been shown to play an important role in the stagnation of chloride ion ingress.
Conclusion
In this study, phenomena that strongly affect the transport of chloride ions in nanopores of cementitious materials are studied, and associated theories were investigated using the current analytical system (DuCOM). First, the current models were summarized and verified with lab experiments. Mortar specimens were made and exposed to a compression test, porosity measurement, and salt water immersion tests to investigate the effect of different W/C ratios, including a low W/C ratio of 20%. Chloride profiles were measured using the powder sampling method with a disk grinder and vacuuming. Significant differences in the depth of chloride ion ingress with different W/Cs was observed. The applicability of the existing models to the thermodynamic analytical system makes it clear that the models need to be improved, especially for materials with a low W/C ratio whose dominant pores are in the nanometer range.
In modifying the models, the threshold pore radius for chloride ion movement was considered. The water content for the chloride ion transport was modified, and the necessary parameter was determined by comparing the results of sensitivity analyses with the experimental data. A model for the friction force between the pore wall and the pore water was used with the equation for determining the water permeability coefficient. An accurate simulation of chloride ion transport was conducted by incorporating the proposed models into the system.
The results of salt water immersion tests were utilized to verify the proposed models. By comparing the simulated results with the experimental data, it can be inferred that the proposed analytical system can be applied to materials with lower W/C ratios for chloride ingress. The mechanisms for the stagnation of chloride ion ingress are not fully understood, but one possible mechanism for the stagnation of chloride ingress has been shown with the help of long-term simulations.
